Abstract In this study, two regeneration methods (dielectric barrier discharge (DBD) plasma and ozone (O3) regeneration) of saturated granular activated carbon (GAC) with pentachlorophenol (PCP) were compared. The results show that the two regeneration methods can eliminate contaminants from GAC and recover its adsorption properties to some extent. Comparing the DBD plasma with O3 regeneration, the adsorption rate and the capacity of the GAC samples after DBD plasma regeneration are greater than those after O3 regeneration. O3 regeneration decreases the specific surface area of GAC and increases the acidic surface oxygen groups on the surface of GAC, which causes a decrease in PCP on GAC uptake. With increasing regeneration cycles, the regeneration efficiencies of the two methods decrease, but the decrease in the regeneration efficiencies of GAC after O3 regeneration is very obvious compared with that after DBD plasma regeneration. Furthermore, the equilibrium data were fitted by the Freundlich and Langmuir models using the non-linear regression technique, and all the adsorption equilibrium isotherms fit the Langmuir model fairly well, which demonstrates that the DBD plasma and ozone regeneration processes do not appear to modify the adsorption process, but to shift the equilibrium towards lower adsorption concentrations. Analyses of the weight loss of GAC show that O3 regeneration has a lower weight loss than DBD plasma regeneration.
Introduction
Activated carbon (AC) is widely used to purify drinking water, wastewater and air. Harmful pollutants in the air and water have a high affinity to latch onto the porous surface of the carbonaceous adsorbent [1, 2] . Treatment of industrial wastewater is also increasing in industrializing countries as industrial activity rises and the need to reuse water and reduce effluent pollution becomes greater. Previously, when AC reached its capacity and could no longer adsorb contaminants, it would simply be taken to landfill and discarded. Discarded AC leaches into water, causing additional pollution. The increased concern of pollutants in the environment, along with more restrictive environmental regulations and the increased price of AC in recent years, has motivated companies to develop methods to regenerate and reuse saturated AC. Regeneration of AC is crucial to ensuring that the adsorption process will be economically attractive [3] . As a result, a wide variety of AC regeneration techniques, such as thermal regeneration [4, 5] , solvent regeneration [6] , direct oxidation and catalytic wet oxidation regeneration [7, 8] , and biological regeneration [9] , have been proposed and applied in recent decades. But these techniques have a few disadvantages, such as high temperature, high cost of the reagents employed and the danger from additional secondary pollution, and low regeneration efficiency. Because of these drawbacks, a number of alternative AC regeneration methods have been the subject of active investigation. Among them, dielectric barrier discharge (DBD) plasma regeneration and ozonation regeneration can be highlighted.
DBD can easily produce non-thermal plasma under atmospheric pressure by applying high voltage to the electrodes, one of which at least is covered with dielectric material. The plasma provides active species such as O 3 , high-energy electrons and various high oxida- * supported by National Natural Science Foundation of China (No. 21107085) and National High Technology Research and Development Program of China (No. 2008AA06Z308) tion potential free radicals, which are effective for the oxidation of contaminants on AC [10] . The use of O 3 in drinking water and wastewater treatment plants is also of growing interest. Owing to its high oxidant power, it can react with species adsorbed onto AC, thus removing them from the surface. Reaction may take place directly or through free radicals that arise from O 3 decomposition over the carbon surface [11] . Based on this, a novel approach for the regeneration of AC by direct ozonation of spent AC is proposed. This method will have the suggested advantages of: a. oxidation can be carried out at ambient temperature and pressure conditions, which benefits the economy of the process; b. it can be easily combined with adsorption and carried out in situ; and c. many water treatment plants have ozonation facilities.
In this work, a comparative study was performed on the regeneration of granular activated carbon (GAC) using DBD plasma and ozonation methods. To attain this goal, the regeneration of spent GAC was carried out in a reactor under similar operating conditions. The GAC was saturated with pentachlorophenol (PCP), and the regeneration effects after different treatment times and successive regeneration cycles were analyzed from the adsorption kinetics and regeneration efficiency.
Materials and methods

Activated carbon
The GAC used in this study was columned coalbased carbon, manufactured by the Shenyang Chemical Reagent Factory in China. Prior to use, the GAC was pretreated as follows: firstly, GAC was immersed in sodium hydroxide (0.1 mol/L) for 24 h, and then heated in boiling water for 30 min, washed with deionized water to remove fine particles and impurities, and lastly dried at 378 K for 24 h. The clean GAC was stored in a desiccator for use, and the spent AC was obtained by mixing 400 mL PCP solution (2000 mg/L) with 10.0 g pretreated GAC in 500 mL flasks.
Adsorption kinetics
The adsorption kinetics experiments were performed in 250 mL conical flasks, and the contents were shacked at a preset temperature. The mass of GAC to the volume of used PCP was 2.0 g per 100 mL, and the initial concentration of PCP was 150 mg/L. The aqueous samples were withdrawn at preset time intervals, followed by measuring of the PCP concentration, C t , using highperformance liquid chromatography (HPLC). The adsorption capacity of PCP on GAC at time t, q t , was calculated according to the following equation:
where V is the volume of the liquid phase, C 0 is the concentration of the solution in the bulk phase before it comes into contact with the adsorbent, and m is the amount of adsorbent.
Adsorption equilibrium isotherm
Adsorption equilibrium isotherms at 298 K of the PCP aqueous solution on GAC were obtained using the bottle point method described elsewhere [12] . Different amounts of GAC were weighted and placed in bottles containing 200 mL of PCP aqueous solution. The bottles were capped and kept in a shaking thermostatic bath for long enough to achieve adsorption equilibrium. Preliminary kinetic experiments indicated that the adsorption equilibrium was reached within four days for all the GAC used. The determination of PCP concentrations in solution was performed by HPLC. The amount of adsorbed PCP was deduced from the mass balance as follows:
where q e is the amount of PCP per gram of adsorbent, and C e is the concentration of the solution in the bulk phase at equilibrium.
Carbon sample characterization
The structural properties of the GAC samples were obtained from the physical adsorption of nitrogen at 77 K, determined by Quantachrome autosorb-1 adsorption apparatus. The surface area was calculated using the BET equation micropore volume by the t-plot [13] . The total pore volume was estimated to be the liquid volume of nitrogen at a relative pressure of about 0.99. The content of the surface oxygen groups, both acidic (i.e., carboxylic, phenolic and lactone) and basic, was determined by Boehm's titrations [14] .
Regeneration of spent activated carbon
The experimental apparatus of the DBD plasma regeneration mainly consists of an alternating current high-voltage power supply and a DBD reactor. The frequency of the power supply was 200 Hz and the voltage was adjustable from 0 kV to 50 kV. The DBD reactor is shown in Fig. 1(a) . The ground electrode is a round metal net with a diameter of 60 mm, and GAC is filled on the ground net electrode. The discharge electrode (a round thin metallic slice with a thickness of 2 mm and a diameter of 100 mm) is placed onto a quartz barrier (a four-square thin quartz slice with a thickness of 2 mm and a side length of 150 mm). The gap space between the quartz barrier and the ground net electrode is maintained at 6 mm. 5.0 L/min O 2 was impregnated into the reactor to generate various active species, in which the produced amount of O 3 was measured by an O 3 monitor (EG-2001, EBARA JITSUGYO). The typical voltage and current waveforms delivered to the DBD reactor were recorded using a digital oscilloscope (Tektronix TDS2014, USA) with the help of a voltage probe (Tektronix P6015, USA) and a current probe (Tektronix P6021, USA), as shown in Fig. 2 .
The experimental apparatus of the O 3 regeneration mainly consists of an O 3 generator (Fig. 1(b) ) and a reactor that is similar to the DBD reactor. In order to ensure the same amount of O 3 as the DBD regeneration process, 4.6 g/m 3 O 3 was impregnated into the DBD reactor from the O 3 generator. Thermoregulated water was circulated through the O 3 generator jacket to keep a constant temperature. An O 3 monitor was used for the quantification of the O 3 concentration from the O 3 generator. Reaction times between 30 min and 60 min were employed to produce different degrees of regeneration. 
Evaluation of regeneration
The regeneration effect was analyzed by means of the following analytical techniques: BET surface areas, adsorption kinetics and adsorption isotherms of PCP on virgin and regenerated GAC. The regeneration efficiency of GAC after successive regeneration cycles was evaluated following the recommendations of Narbaitz and Cen [15] .
3 Results and discussion
Characterization of activated carbon
Initially, the influence of the DBD plasma and ozonation treatment time on the porous structure of selected GAC was studied. Table 1 shows the main textural parameters of virgin and regenerated carbon samples in the DBD and O 3 regeneration reactor for 30 min and 60 min, respectively. It can be observed that the specific surface area and micropore volume in the samples treated after O 3 regeneration do not differ noticeably from those in the virgin GAC sample. However, with increasing treatment time, the changes become larger in the DBD plasma regenerated samples, giving rise to the development of a higher porous structure in the samples, compared to the virgin GAC sample. This fact is corroborated by the pore volume distribution of the samples obtained by application of the DFT model at the nitrogen adsorption data (not shown in this paper). It is found that the mesoporosity of the DBD plasma-treated samples is almost 10% larger than that of the O 3 regenerated samples, and at the same time, the microporosity is higher in the samples after O 3 regeneration (see Table 1 ). Table 2 presents the results from the acid-base titrations of the virgin and regenerated carbon samples using DBD and O 3 regeneration. The differences in the surface chemistry of the GAC samples are clearly seen from the Boehm titration results presented in Table 2 . For DBD plasma or O 3 regeneration, with increasing regeneration time, the carboxylic on the GAC samples increases and conversely the basic decreases. Comparing the DBD plasma with O 3 regeneration, for the same treatment time, the acidic surface groups of the GAC samples after O 3 regeneration are more than those of the GAC samples after DBD plasma regeneration. In addition,Álvarez et al.
[1] reported that the O 3 treatment could significantly increase the oxygen groups on the AC surface. 
Adsorption kinetics
The effects of the regeneration treatment on the adsorption rate of the carbon samples were determined by analyzing the adsorption kinetics of PCP on the virgin and regenerated GAC samples. The adsorption data for the uptake of PCP versus contact time t are presented in Fig. 3 for the virgin carbon as well as the regenerated carbon samples with different treatment times. It can be seen from the plots of the adsorbed amount of PCP on GAC versus t that although the adsorption amount of all the regenerated GAC samples is lower than those of the virgin GAC sample as time changes, the adsorption amount of the regenerated carbon samples after DBD plasma treatment is higher than that after O 3 regeneration as time changes, which suggests that the adsorption rate of the DBD regeneration carbon samples is quicker than that of the O 3 regeneration carbon samples. With increasing regeneration time, the adsorption rate of the DBD regeneration carbon samples increases, and conversely, the adsorption rate of the O 3 regeneration carbon samples decreases. Fig.3 The adsorption rate of PCP on the virgin and regenerated GAC samples
Adsorption isotherm
A similar comparison among adsorption isotherms performed between the DBD and O 3 regeneration GAC samples allows us to obtain average information about the adsorption capacity. Fig. 4 shows the adsorption isotherms of virgin and different regeneration GAC samples. As observed, similar changes are also found in the adsorption isotherms, specifically, adsorption isotherms for the O 3 regeneration GAC samples are clearly located under those for the DBD plasma regeneration GAC sample. With increasing regeneration time, the adsorption capacity of the DBD regeneration carbon samples increases, however, the longer the ozonation time, the larger the decrease in PCP uptake. These results indicate that the adsorption capacity of GAC not only depends on the surface area and pore size distribution, but also relates to the surface chemistry groups. According to some literature, reports on the introduction of acidic surface chemistry groups may affect the adsorption of pollutants in different ways: a. removal of π-electrons from the carbon surface leading to weaker dispersive interactions with pollutants [16] ; b. formation of water clusters, so that some porosity becomes blocked and the access of pollutants is not fully allowed [17] ; c. chemisorption of pollutants on carbonyl groups through the donor-acceptor complex mechanism [18] ; and d. chemisorption on carboxylic groups via ester formation [19] . From the experimental findings of this work, it is concluded that for GAC after ozonation, negative effects a and b prevail over c and d. Fig.4 The adsorption isotherms on the virgin and regenerated GAC samples from PCP aqueous solutions
Another aspect of concern is that the adsorption type of the PCP on the carbon samples is subjected to different regeneration treatments, and therefore, the Freundlich and Langmuir models were used in the adsorption isotherms above.
The Freundlich model is usually expressed by the Freundlich equation as follows [20] :
where q e is the amount adsorbed at equilibrium, C e is the equilibrium solution phase concentration, K F (L/g) is the Freundlich parameter for a heterogeneous adsorbent, and the exponential term, 1/n (dimensionless), is related to the magnitude of the adsorption driving force and to the adsorbent site energy distribution. The Langmuir model is usually expressed by the Langmuir equation as follows [21] :
where Q (mg/g) is the maximum amount of adsorbate per unit weight of the adsorbent to form a complete monolayer on the surface, whereas K L (L/mg) is the Langmuir constant related to the affinity of the binding sites. All the correlation coefficients, R 2 values and the constants obtained for the models are summarized in Table 3 . The results suggest that the Langmuir model yields better R 2 values for all GAC samples, and thus the Langmuir isotherm is a more suitable equation to describe the adsorption equilibrium of PCP on GAC. In addition, it also indicates that the DBD plasma and O 3 regeneration processes do not appear to modify the adsorption process, but to shift the equilibrium towards lower adsorption concentrations. As can be seen from Table 3 , the changes in the Q value predicted from the Langmuir model for regenerated GAC samples are similar to the change in adsorption isotherms.
Since the regeneration efficiency can reveal the effect of the regeneration process, the regeneration yield was also calculated using the following equation:
where Q v is the adsorption capacity of the virgin carbon, i.e. the equilibrium amount of contamination adsorbed per unit mass of GAC, and Q r is the adsorption capacity of regeneration carbon after the re-adsorption equilibrium. The regeneration yields of the DBD and O 3 regeneration processes are presented in Fig. 5 , which shows that the recovery of the GAC's adsorption capacity of the DBD plasma regeneration is basically achieved, but the effect of O 3 regeneration carbon is not very good. The regeneration efficiency of the GAC for the DBD plasma technique is higher than 75% after one regeneration cycle, but that of the O 3 regeneration is no more than 60%. With increasing regeneration cycles, the regeneration efficiency of the two regeneration methods decrease, but the decrease in GAC's regeneration efficiencies in O 3 regeneration is quicker than that in DBD plasma regeneration.
Another problem to be noted here is the weight loss of GAC during DBD plasma and O 3 regeneration operations. The weight loss of GAC for DBD plasma and O 3 regeneration during four consecutive regeneration cycles is shown in Fig. 6 . It can be seen that with increasing regeneration cycles, the GAC weight loss increases for both DBD plasma regeneration and O 3 regeneration. Comparing the weight loss of GAC in the two methods, obviously, the weight loss of GAC after O 3 regeneration is lower. The weight loss of GAC after four consecutive O 3 regeneration cycles is 2.3%, while that of DBD plasma-treated GAC after four cycles is approximately 4.5%. Fig.5 The regeneration efficiency of spent GAC during four consecutive regeneration cycles Fig.6 The weight loss of GAC during four consecutive regeneration cycles 
Conclusion
The results presented in this work show promise that the regeneration of GAC exhausted with PCP may be carried out by DBD plasma in ambient conditions. When ozonation is employed, the acidic groups on the surface of GAC drastically increase, which decreases the surface areas of the GAC and plays a negative role on the adsorption of PCP on GAC. Compared to O 3 regeneration, the main advantage of using DBD plasma is that the treatment can achieve good regeneration efficiency, but the weight loss of GAC is also very serious.
